Background: We performed a meta-analysis to determine whether a consistent relationship exists between cadmium exposure and urolithiasis in humans. Accordingly, we summarized and reviewed previously published quantitative studies.
Introduction
Urolithiasis has recently attracted considerable attention worldwide because of its increasing morbidity and recurrence rates, seriously affecting the quality of life of affected individuals and increasing the economic burden on societies globally. [1, 2] In China, 7.54% of the general population is at risk of developing urolithiasis; in Western countries, the risk ranges from 0.1% to 14.8%. [3] [4] [5] However, the prevalence of urolithiasis, including renal colic, urinary tract infection, and decreased renal function, has doubled in men (1988-1994: 6 .3%; 2000-2010: 10.3%) and women (1988-1994: 4.1%; 2000-2010: 7 .1%) in the United States over the past 15 years. [6, 7] Moreover, economic burden caused by urolithiasis accounted for $2.1 billion of medical expenses in the United States alone in 2000. [8] In the public health context, cadmium is a widespread occupational and environmental contaminant with known toxic Editor: Yung-Hsiang Chen.
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effects, including fracture and prostate cancer. Thus, cadmium exposure is of concern, [9, 10] especially that occupational workers employed in alloy and battery manufacturing and metal smelting industries are exposed to high cadmium levels. [11, 12] Meanwhile, the general population is exposed to cadmium in environments containing cadmium generated by several industries. Other possible sources of chronic cadmium toxicity are cigarette smoking and food (eg, bread, cereals, and vegetables). [13, 14] Studies have reported inconsistent results with regard to the association between urolithiasis risk and cadmium exposure. Particularly, some epidemiological studies reported elevated urolithiasis risk among the general and occupational populations, [15] [16] [17] [18] whereas some studies reported null associations. [19, 20] Meanwhile, to the best of our knowledge, no recent systematic review or meta-analysis has synthesized evidence from epidemiological studies regarding this association. Thus, we performed a meta-analysis on published studies to shed light on these inconsistent results and evaluate the association between cadmium exposure and urolithiasis risk.
Methods

Search strategies
Meta-analysis was performed in accordance with the Cochrane Collaboration criterion. [21] Moreover, we reported our metaanalysis on the basis of the guidelines of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). [22] All analyses were based on previous published studies; thus, no ethical approval and patient consent are required.
Eligible studies published before June 1, 2017 were included. These studies investigated the association between cadmium exposure and urolithiasis risk. A literature search was performed on PubMed, EMBASE, Cochrane Library, Scopus, and China National Knowledge Infrastructure and relevant reports and reference lists were obtained. The search method was not restricted to regions, publication status, or languages, and various combinations of Medical Subject Headings (MeSH) and non-MeSH terms (ie, search terms) were used. For instance, "urolithiasis," "kidney stone," or "nephrolithiasis" was combined with "cadmium" (supplementary material, http://links.lww.com/MD/C62). Manual search techniques were also employed for the identification of appropriate studies. The main search was completed independently by 2 investigators (ZG and JW). For studies with insufficient information, we contacted the primary authors to acquire and verify the data. Any discrepancy was resolved by consulting an investigator not involved in the initial procedure.
Eligibility criteria and study selection
The inclusion criteria were as follows: outcome was urolithiasis; the general or occupational populations were exposed to cadmium; study design included case-control, retrospective, and prospective cohorts, and cross-sectional studies; the odds ratio (OR), relative risk (RR), or hazard risk (HR) of urolithiasis related to cadmium exposure were reported, and crude HR, OR, or RR with corresponding 95% confidence intervals (CIs) were calculated. Any disagreements were resolved through discussion.
Data extraction and methodological quality assessment
Data from the included studies were extracted and summarized independently by the 2 of the authors. Disagreements were settled through discussions. The following data were extracted into a standardized evidence table: first author, publication year, country, study design, study period, participant characteristics (ie, mean age, sex distribution, and sample size), cadmium exposure type, and adjusted or non-adjusted covariates (OR, RR, and HR). For studies with insufficient information, the reviewers contacted the primary authors to acquire and verify the data.
The methodological qualities of the case-control and cohort studies were assessed through the original Newcastle-Ottawa scale (NOS), [23] which consists of 3 factors, namely, patient selection, comparability of the study groups, and assessment of outcome. A score of 0-9 (allocated as stars) was allocated to each study. All the included studies with eight or more stars were considered to be of high quality. The Agency for Healthcare Research and Quality (AHRQ) recommend 11 items for assessing the quality of cross-sectional studies. Disagreements were also settled through discussion.
Statistical analysis
We calculated the overall estimate to assess the association between cadmium exposure and urolithiasis risk in the general and occupational populations. For consistent definitions, OR with corresponding 95% CI was used as common measure in all studies because cadmium-caused urolithiasis was considered as a rare event. The HR and RR values in the observational studies were considered as approximations of OR. The aggregated results and 95% CIs for effect size were calculated through inverse-variance weighted random-effect meta-analysis. Then, we performed the I square (I 2 ) test to assess heterogeneity across the studies, and I 2 values of 0%, 25%, 50%, and 75% represented no, low, moderate, and high heterogeneity, respectively. Forest plots were visually inspected to assess heterogeneity. Furthermore, statistical significance was set at P < .05. Sensitivity analysis was conducted by examining the exclusion of each study in a step-wise manner for the evaluation of the quality and consistency of the results. Subgroup analyses were performed according to geographical region, study design, sex, and exposure type. A meta-regression analysis was conducted to investigate possible sources of heterogeneity on 5 variables. The restricted maximum likelihood method was used for the analysis. Nevertheless, the use of Egger's regression asymmetry test was limited because of the small number of studies evaluated. [21, 24] 3. Results Figure 1 shows the flowchart depicting the search process and study selection, and Table 1 summarized the basic characteristics of the included studies. These studies (3 cross-sectional studies, [15] [16] [17] 2 cohort studies, [19, 20] and 1 case-control study [18] ) were published between 1993 and 2016, comprising 88,045 participants and sample sizes with the number of participants ranging between 765 and 43,554. Three studies were based in Sweden, [17, 19, 20] 1 in America, [15] 1 in Belgium, [16] and 1 in Thailand. [18] Two studies were designed to calculate OR, [15, 18] 3 to calculate HR, [16, 19, 20] and 1 to calculate RR. [17] Two studies reported results for the association between cadmium exposure and urolithiasis risk in both males and females, [16, 18] 2 investigated males, [17, 19] and 2 investigated females. [15, 20] Occupational cadmium exposure was measured with urine specimens among the included studies. [15] [16] [17] [18] Moreover, daily cadmium intake was estimated by multiplying the frequency of Guo et al. Medicine (2018) 97:1 Medicine consumption of each food type by its specific content by using agespecific portion sizes; the result was adjusted to the mean energy intake through the residual method. [20, 21] Various confounding factors in urolithiasis, particularly age, ethnicity, body mass index, sex, and smoking, were adjusted in all studies; confounding factors were not comprehensively examined in 1 study. [19] The association between occupational cadmium exposure and urolithiasis risk was reported in four studies, [15] [16] [17] [18] and dietary cadmium exposure was investigated in 2 studies. [19, 20] Furthermore, the methodological quality of the 3 studies was considered to be of high quality, [15, 16, 20] and 3 [17] [18] [19] were regarded to be of low quality on the basis of NOS and AHRQ. The main deficiency of low-quality study are as followings: Järup et al [17] did not indicate that study controls were comparable for age, sex, and all additional factors reported; Kaewnate et al [18] and Thomas et al [19] did not indicate that assessment of exposure was from a secure record or the nonresponse rate was similar in both groups.
Study characteristics and methodological quality
Overall meta-analysis
The meta-analysis results indicated that a high cadmium exposure significantly increases urolithiasis risk by 1.32 times (OR = 1.32; 95% CI = 1.08-1.62; for highest vs lowest category of cadmium exposure), with moderate heterogeneity (I 2 = 58.1%, P = .036; Fig. 2 ). The OR in occupational exposure (OR = 1.56; 95% CI = 1.13-2.14) was higher whereas cadmium exposure was not associated with urolithiasis risk in dietary exposure (OR = 1.13; 95% CI = 0.87-1.47; Fig. 3 ).
Subgroup analysis
Subgroup analysis was conducted, and the results are shown in Table 2 . A statistically significant association between cadmium exposure and urolithiasis risk was observed in the crosssectional studies (OR = 1.43; 95% CI = 1.06-1.92) and casecontrol study (OR = 2.73; 95% CI = 1.16-6.42) but not in the cohort studies (OR = 1.13; 95% CI = 0.87-1.47). When the studies were stratified by different exposure types, the association among occupational exposure populations was significant (OR = 1.56; 95% CI = 1.13-2.14). However, the dietary exposure populations showed insufficient significance (OR = 1.13; 95% CI = 0.87-1.47). A significant association was observed among the studies performed in North America and Asia but not among those conducted in Europe. In addition, no significant association was observed among the studies with respect to sex. Moreover, a significant association was observed among low-quality studies but not in high-quality studies. However, all the subgroups had no considerable contributions to heterogeneity.
Meta-regression analysis
The results indicated that none of the covariates (P > .05) resulted in heterogeneity among 6 studies, and the adjusted R-square in the between-study variance was unavailable (Table 3) .
Sensitivity analysis
We evaluated the effect of each study on the summary results by sequentially excluding a single study (Fig. 4) . The omission of any single study did not prominently affect the overall combined OR, which ranged from 1.28 (95% CI = 1.09 -1.49) to 1.42 (95% CI = 1.08-1.86). The rationality and reliability of our metaanalysis was validated through sensitivity analysis.
Discussion
The association between cadmium exposure and urolithiasis risk was analyzed through meta-analysis. As far as we know, this is the first study that provided comprehensive insights into this association through meta-analysis. Our main results indicated that cadmium exposure is significantly correlated with urolithiasis risk. The summary OR in occupational exposure was high, and cadmium exposure had no association with urolithiasis risk in dietary exposure. Notably, the subgroup and sensitivity analyses validated the reliability of our meta-analysis. However, publication bias was not performed because of the limited number of included studies. Recently, studies on urolithiasis and its potential risk factors have been increasing, although the proposed preventive measures in these studies require further evaluation. [25, 26] Urolithiasis is common in workers employed in alloy and battery manufacturing and metal smelting industries because they are frequently exposed to high levels of cadmium. [1, 11, 12] Patients with this disease suffer agonizing pain and substantial economic loss. Moreover, although urolithiasis is a multifactorial disease related primarily to several dietary and genetic factors, a high prevalence of urolithiasis has been detected in subjects occupationally exposed to cadmium. [27] [28] [29] The mechanisms underlying the association between urolithiasis formation and cadmium exposure at levels observed in the current study must be explored further. Cadmium-related toxic effects may be elicited at exposure levels that are considerably lower than those previously reported. Some researches indicated that the effect of dietary cadmium exposure on increased bone resorption in the populations might translate into increased urinary calcium excretion. [30] Several mechanisms have been assumed to explain bone anomalies in relation to cadmium exposure, and these anomalies included direct toxic effects on renal tubular cells, particularly hypercalciuria and reduced intestinal calcium absorption. [31] Determining whether these findings are applicable to different levels of cadmium exposure and geographical location is invaluable. Thus, the possible influence of differences in ethnicity on the association between urolithiasis and cadmium exposure must be explored. We found that house dust and contaminated soils were the important possible sources of exposure to cadmium. [32] Thus, the government should strengthen sanitization of contaminated soils after we showed association between Table 1 Characteristic of studies included in the meta-analysis.
Author, year 
Adjustments
Ferraro et al, [15] 2011
Cross-sectional study US 8289 females; 47.6 (47.3-47.9) years
1988-1994
Occupational exposure U-Cd (physician diagnosed); NA Age, race/ethnicity, body mass index, smoking habits, region of residence, and daily intake of calcium and sodium
Hara et al, [16] 2016
Cross-sectional study mg/g Age, sex, serum magnesium, and 24-hour urinary volume and calcium
Jarup et al, [17] 1993
Cross-sectional study Sweden 765 males; NA
1931-1990
Occupational exposure U-Cd (physician diagnosed); 3.7 (2.4-6.4) mg/g Age, calendar times, smoking Kaewnate et al, [18] 2012 Case-control study Thomas et al, [19] Thomas et al, [20] 2013 Prospective cohort 
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urolithiasis and exposure to cadmium especially in the developing world. Moreover, the most important thing is reducing exposure to pollutants. Furthermore, nephrolithiasis is preventable by increasing diuresis and dietary measures. [33] It is within this context, that the clinical implications of our study should be gauged. Moreover, clinicians and other healthcare providers working with patients with urolithiasis should be aware of the risks and effects of cadmium exposure. [13, 34] In general, our study exhibited strengths in several aspects. First, this study was the first to explore a potential association between cadmium exposure and urolithiasis risk in general and occupational populations through meta-analysis. Second, the overall combined estimates were based on a large sample size, and thus the rationality and reliability of our meta-analysis results was apparently improved. Third, confounding factors that might influence cadmium exposure levels were minimized because multivariable-adjusted risk estimates were applied. All the results accurately reflected the association between cadmium exposure and urolithiasis risk and resulted in well-founded conclusions. However, our study is limited in some aspects. First, despite our rigorous methodology, the number of studies included in the meta-analysis was limited, especially hospital-based studies and studies that used the same range of cadmium exposure level. This limitation may contribute to moderate heterogeneity. Second, to the best our knowledge, a case-control study is the most appropriate design for toxicity exposure (eg, occupational, dietary, or environmental) that causes rare health events. However, this design has some selective and recall bias. Third, confounding factors, such as coexposure to other toxic factors (eg, tobacco and alcohol consumption), were difficult to control in the meta-analysis. Fourth, the values of cadmium exposure were measured with urine specimens in occupational exposure. These values were also estimated by multiplying the frequency of consumption of each food type by its specific content by using Note: Geographical region (1 = North America, 2 = Europe, 3 = Asia). Study design (1 = cross-sectional study, 2 = case-control study, 3 = prospective cohort study). Exposure type (1 = occupational exposure, 2 = dietary exposure). Sex (1 = female; 2 = both sex; 3 = male). Study quality (1 = high quality, 2 = low quality). age-specific portion sizes. The estimation was conducted through the residual method in dietary exposure. This approaches resulted in moderate heterogeneity. Finally, the included studies were only distributed in Europe, North America, and Asia. Therefore, further study should explore the association between cadmium exposure and urolithiasis risk among African and Caucasian populations. The dose-response relationship between cadmium exposure and urolithiasis risk was limited because of insufficient data from the included studies. Therefore, welldesigned studies conducted among additional regions on other continents with different doses of cadmium exposure are necessary.
Conclusions
Our meta-analysis indicates that high cadmium exposure is associated with increased risk of urolithiasis in occupational populations. Hence, human studies in occupational and general populations should provide further information on the doseeffect and dose-response curves relating cadmium exposure to urolithiasis incidence, and potential biological mechanisms involved in this potential association must be explored.
